The bacterial flagellum is supramolecular motility machinery consisting of the basal body, the hook and the filament. Flagellar proteins are translocated across the cytoplasmic membrane via a type III protein export apparatus, diffuse down the central channel of the growing structure and assemble at the distal end. Flagellar assembly begins with the basal body, followed by the hook and finally the filament. The completion of hook assembly is the most important morphological checkpoint of the sequential flagellar assembly process. When the hook reaches its mature length of about 55 nm in Salmonella enterica, the type III protein export apparatus switches export specificity from proteins required for the structure and assembly of the hook to those responsible for filament assembly, thereby terminating hook assembly and initiating filament assembly. Three flagellar proteins, namely FliK, FlhB and FlhA, are responsible for this substrate specificity switching. Upon completion of the switching event, interactions among FlhA, the cytoplasmic ATPase complex and flagellar type III export chaperones establish the assembly order of the filament at the hook tip. Here, we describe our current understanding of a hierarchical protein export mechanism used in flagellar type III protein export.
INTRODUCTION
Bacteria utilize a type III secretion system not only for direct injection of virulence effector proteins into eukaryotic host cells to trigger a wide range of infectious disease but also for construction of the flagellum, which is responsible for bacterial locomotion. One remarkable feature of the type III secretion system is that a type III protein export apparatus displays substrate specificity switching, thereby conferring an advantage for hierarchical protein targeting and secretion (Galán et al. 2014; Minamino 2014) .
The flagellum of Salmonella enterica serovar Typhimurium (hereafter referred to Salmonella) is a supramolecular motility machine consisting of the basal body, the hook, the hookfilament junction zone, the filament and the filament cap (Fig. 1) .
The basal body is embedded in the cell membranes and acts as a bi-directional rotary motor powered by proton motive force (PMF) across the cytoplasmic membrane. The hook (FlgE) and filament (FliC) exist outside a cell body. The hook-filament junction structure (FlgK, FlgL) connects the hook and filament. The filament cap (FliD) is located at the tip of the growing filament and promotes filament assembly. The filament acts as a helical propeller to push the cell body forward. The hook functions as a universal joint to smoothly transmit torque produced by the motor to the filament (Macnab 2003) .
Flagellar assembly begins with the basal body, followed by the hook with the help of the hook cap (FlgD), the hookfilament junction, the filament cap in this order and finally the assembly of the filament with the help of the filament cap ( Fig. 1) Figure 1 . The bacterial flagellum and its assembly pathway. The bacterial flagellum consists of the basal body, the hook, the hook-filament junction, the filament and the filament cap. Upon completion of the basal body inside a bacterial cell body, FlgE polymerizes into the hook structure with the help of the hook cap made of FlgD. When the hook reaches its mature length of about 55 nm, the hook cap is replaced by FlgK. FlgK and FlgL self-assemble at the hook tip in this order to form the junction structure. Then, FliD forms the filament cap at the tip of the junction and promotes the assembly of FliC into the filament. A type III protein export apparatus is located at the flagellar base and transports flagellar proteins from the cytoplasm to the distal end of the growing flagellar structure. When the hook reaches its mature length of about 55 nm in Salmonella, the type III protein export apparatus switches its export specificity, thereby terminating the export of hook-type proteins (FlgD, FlgE and FliK) and initiating the export of filament-type proteins (FlgK, FlgL, FliD and FliC) . FlgN, FliT and FliS act as flagellar type III export chaperones specific for FlgK and FlgL, FliD and FliC, respectively. OM, outer membrane; PG, peptidoglycan layer; CM, cytoplasmic membrane. (Kubori et al. 1992) . For construction of the flagellum beyond the cell membranes, flagellar component proteins are translocated across the cytoplasmic membrane via a type III protein export apparatus, which is located at the flagellar base ), diffuse down a narrow channel inside the flagellar growing structure and assembles at the distal end (Renault et al. 2017) . The flagellar type III protein export apparatus has a substrate specificity switching machine to ensure the order of flagellar protein export, thereby allowing such a huge and complex structure to be built efficiently Minamino, Imada and Namba 2008) . Three flagellar proteins, namely FliK, FlhB and FlhA, are involved in the substrate specificity switching (Kutsukake, Minamino and Yokoseki 1994; Hirano et al. 2009; Barker et al. 2016) . In addition, dynamic interactions among FlhA, the cytoplasmic FliH 2 FliI ATPase complex and flagellar type III export chaperones in complex with their cognate substrates establish the strict assembly order of the flagellar filament (Bange et al. 2010; Kinoshita et al. 2013; Inoue et al. 2018) . This review describes our current understanding of how the type III protein export apparatus mediates well-ordered protein export during flagellar assembly.
Type III protein export apparatus
The flagellar type III protein export apparatus of the Salmonella flagellum is composed of two parts: a PMF-driven transmembrane export gate complex made up of FlhA, FlhB, FliP, FliQ and FliR and an associated cytoplasmic ATPase ring complex consisting of FliH, FliI and FliJ (Fig. 2) (Minamino and Macnab 1999; Fukumura et al. 2017) . They share substantial sequence and functional similarities with component proteins of the injectisome, which are responsible for the translocation of virulence effector proteins into host cells for bacterial infection (Galán et al. 2014) . Interestingly, the entire structure of the cytoplasmic ATPase ring complex looks similar to that of protontranslocating F 1 -ATPase (Imada et al. 2007 (Imada et al. , 2016 ; Ibuki et al. 2011) . The flagellar type III protein export apparatus is composed of a PMF-driven transmembrane export gate complex made up of FlhA, FlhB, FliP, FliQ and FliR and a water-soluble ATPase ring complex consisting of FliH, FliI and FliJ. The export gate complex is located inside the MS ring. The ATPase ring complex is associated with the C ring through an interaction between FliH and a C ring protein FliN. FlhA and FliP are postulated to act as a proton channel and a protein channel, respectively. ATP hydrolysis by the FliI ATPase is proposed to activate the proton channel activity of the export gate complex to facilitate flagellar protein export. N, N-terminus of export substrate; Cyto, cytoplasm; CM, cytoplasmic membrane; Peri, periplasm.
The flagellar and virulence-associated type III protein export apparatuses utilize both ATP and PMF as the energy sources to drive type III protein export Paul et al. 2008; Lee et al. 2014 2014). High-resolution local pH imaging near the flagellar type III protein export apparatus has shown that ATP hydrolysis by the FliI ATPase and the following rapid protein translocation by the PMF-driven export gate complex promote efficient inwarddirected proton translocation through the gate (Morimoto et al. 2016) . This suggests that the type III protein export apparatus acts as a proton/protein antiporter to couple the proton flow through the export gate complex with protein export. The flagellar type III export apparatus containing the FliI(E211D) mutant ATPase, of which ATPase activity is about 100-fold lower than the wild-type level, processively transports flagellar proteins to grow flagella, indicating that relatively infrequent ATP hydrolysis by the FliI(E211D) mutant ATPase is sufficient for processive protein export (Minamino et al. 2014 ). This raises a plausible hypothesis that the cytoplasmic ATPase ring complex may serve as an ATP-driven activator to open a proton channel of the export gate complex to facilitate the proton translocation coupled with the protein translocation through a pore of the export gate complex. It has been shown that FlhA and FliP form the proton and protein channels, respectively (Minamino et al. 2016b; Erhardt et al. 2017; Ward et al. 2018) .
FlgD, FlgE and FliK, which belong to the hook-type substrate class, are transported via the type III protein export apparatus most efficiently prior to hook completion. In contrast, FlgK, FlgL, FliD and FliC, which belong to the filament-type substrate class, are exported more efficiently after completion of the hook structure (Minamino, Doi and Kutsukake 1999a) . Thus, the type III protein export apparatus switches its substrate specificity from the hook-type to the filament-type upon completion of hook assembly. The hook length control protein FliK and two transmembrane export gate proteins FlhA and FlhB are directly involved in the substrate specificity switching (Kutsukake, Minamino and Yokoseki 1994; Fraser et al. 2003; Barker et al. 2016; Terahara et al. 2018) . The hook length of the Salmonella flagellum is relatively well regulated at about 55 nm (Hirano et al. 1994) . However, if this switching event is inhibited by certain mutations in fliK, flhB or flhA, unusually elongated hooks called polyhooks are produced (Fig. 3) . Thus, the substrate specificity switching of the type III protein export must occur at an appropriate timing of hook assembly to determine the hook length of about 55 nm in Salmonella.
FliK acts as a molecular ruler
Salmonella FliK is a 405 amino-acid residue protein consisting of an intrinsically disordered N-terminal region (residues 1-267, FliK N ), a compactly folded C-terminal domain (residues 268-352, FliK C ) and an intrinsically disordered C-terminal tail composed of residues 353-405 (FliK CT ) (Minamino et al. 2004; Mizuno et al. 2011; Kodera et al. 2015) . Mutants with a defect in FliK produce polyhooks, indicating that FliK is responsible for hook length control (Patterson-Delafield et al. 1973) . Analyses of intragenic fliK suppressor mutants have suggested that FliK N and FliK C are responsible for the hook length control mechanism and the initiation of filament assembly at the hook tip, respectively (Suzuki and Iino 1981; Williams et al. 1996) . FliK is secreted via a type III protein export apparatus into the culture media during hook assembly (Minamino et al. 1999b) . A decrease in the secretion level of FliK results in polyhooks, sometime with a flagellar filament attached (Minamino et al. 1999b) . This suggests that the export of FliK during hook assembly is important for the hook length control. YscP, which is a FliK homolog in the Yersinia injectisome, is secreted during needle assembly of the injectisome. Amino acid insertions and deletions in the N-terminal domain of YscP, result in a concomitant increase or decrease in final needle length by ca. 0.2 nm per amino acid inserted or deleted, suggesting that YscP acts as a molecular ruler to determine the needle length of the Yershinia injectisome (Journet et al. 2003) . A similar study in FliK has shown that hook length increase or decrease by about 0.2 nm per amino acid insertion or deletion in FliK N (Shibata et al. 2007) , suggesting that FliK N has the molecular ruler function in a way similar to YscP (Fig. 4A) (Erhardt et al. 2011) . In contrast to YscP and FliK, InvJ had been proposed to control the needle length of the Salmonella SPI-1 injectisome through a distinct length control mechanism (Marlovits et al. 2006) . However, it has been demonstrated that InvJ is secreted during needle assembly and acts as a ruler in a way similar to YscP and FliK (Wee and Hughes 2015) . Thus, both flagellar and virulence-associated type III protein export system commonly use a secreted molecular ruler for length control.
The first 40 amino acids of FliK N contain an export signal recognized by the type III protein export apparatus (Minamino et al. 1999b) . FliK N also binds to FlgD with high affinity and FlgE with low affinity (Moriya et al. 2006; Kinoshita et al. 2017 ). An inframe deletion of residues 129-159 of FliK N reduces the binding affinity of FliK N for FlgE, thereby producing polyhook-filament structures. This suggests that an interaction between FliK N and FlgE is important for proper hook length control ). Since the diameter of the central channel inside the rod and hook structures is 1.3 nm, FlgE monomers cannot diffuse down the central channel if FliK N stays inside the channel (Fujii et al. 2017) . Therefore, it is suggested that a temporary association of FliK N with the hook cap and the inner surface of the hook during its infrequent export results in a pause in the export process to allow FliK C to be in very close proximity to FlhB C to catalyze the substrate specificity switch (Fig. 4A) (Moriya et al. 2006) . Therefore, it is assumed that multiple FliK molecules secreted through the central channel of the growing flagellar structure may be involved in the hook length control (Erhardt et al. 2011) although it has been shown that only one molecule of YscP is sufficient for length control of the Yershinia needle (Wagner et al. 2010) .
FliK C is directly involved in substrate specificity switching of the type III protein export apparatus (Hirano et al. 2005; Minamino et al. 2006 ). FliK C is structurally and functionally conserved among FliK/YscP family (Agrain et al. 2005; Bergeron et al. 2016; Ho et al. 2017) . Genetic analyses of FliK C have suggested that residues 301-350 of FliK C are required for the interaction with FlhB C to promote the substrate specificity switch 2006). These three hydrophobic residues form part of the hydrophobic core of the FliK C structure (Mizuno et al. 2011) . Recent photo-crosslinking experiments have shown that Val-302 and Ile-304 are in very close proximity to FlhB C whereas Leu-335 is not, indicating that Val-302 and Ile-304 are exposed on the molecular surface of FliK C upon binding to FlhB C (Fig. 4B ) (Kinoshita et al. 2017) . This suggests that a large conformational change of FliK C is required for the interaction with FlhB C .
The last five residues of FliK CT are essential for the switching function of FliK but are not directly involved in the interaction with FlhB C (Kinoshita et al. 2017) . Intragenic suppressor mutant analysis of FliK CT has suggested that FliK CT may coordinate conformational rearrangements of FliK C with the interaction with FlhB C . However, it remains unclear how such conformational rearrangements of FliK C occur at an appropriate timing of hook assembly.
FlhB C acts as an export switch
FlhB is a transmembrane protein of the type III protein export apparatus and has a C-terminal cytoplasmic domain, namely FlhB C , which consists of residues 211-383 (Minamino and Macnab 2000a) . FlhB C provide binding sites for FliH, FliI, FliJ and export substrates (Minamino and Macnab 2000a; Evans et al. 2013; McMurry et al. 2015) . The crystal structure of FlhB C consists of two polypeptides, namely FlhB CN and FlhB CC (Fig. 4B) (Meshcheryakov et al. 2013) . A highly conserved NPTH motif (residues 269-272) lies on a flexible loop connecting FlhB CN and FlhB CC (Minamino and Macnab 2000a) . FlhB C undergoes autocatalytic cleavage between Asn-269 and Pro-270 through the cyclization of Asn-269 (Ferris et al. 2005) . The FlhB(N269A) mutation inhibits not only the FlhB C cleavage but also substrate specificity switching of the type III protein export apparatus, thereby conferring a polyhook phenotype (Fraser et al. 2003) . This suggests that the autocleavage of FlhB C into FlhB CN and FlhB CC is critical for the substrate specificity switch. A similar autocatalytic cleavage has been observed in FlhB homologues in the injectisome of pathogenic bacteria (Zarivach et al. 2008; Lountos et al. 2009 ). Recently, it has been reported that the autocleavage event of SpaS of the Salmonella SPI-1 injectisome does not induce a signal for substrate switching but allows the proper conformation of SpaS to render it competent for its switching function (Monjarás Feria et al. 2015) . Thus, the autocleavage of FlhB C is required for its FliK C -dependent conformational change that is responsible for the substrate specificity switching.
It has been reported that the C-terminal domain of YscP (YscP C ) directly binds to the C-terminal domain of YscU (YscU C ), which is a FlhB homologue of the Yershinia injectisome and that Ala-335 of YscU C , which corresponds to Ala-341 of FlhB C , is critical for the binding to YscP C , and Leu-280 of YscU C , which corresponds to Ala-286 of FlhB C , contributes to this binding (Ho et al. 2017) . Ala-341 and Ala-286 of FlhB C are structurally close to each other (Fig. 4B) . Ala-286, Pro-287, Ala-341 and Leu-344 of FlhB C are directly involved in the interaction of FlhB C with the N-terminal regions of FlgD, FlgE and FliK, which contain an export signal recognized by the type III protein export apparatus (Evans et al. 2013) . Since FlhB C has two substrate specificity states, and a conformational change mediated by the interaction between FlhB CN and FlhB CC is responsible for the substrate specificity switching (Minamino and Macnab 2000a) , the interaction of FliK C with autocleaved FlhB C induces conformational rearrangements of FlhB C , terminating the export of FlgD, FlgE and FliK and initiating the export of FlgK, FlgL, FliD and FliC. Interestingly, the binding of YscP to a slow-cleaving YscU(P264A) mutant variant significantly inhibits autocleavage of YscU C into YscU CN and YscU CC (Ho et al. 2017) , suggesting that the binding of YscP C to YscU C may induce a conformational change of a flexible loop containing the YscU(P264A) mutation. It has been shown that FlhB C mutant variants such as FlhB C (A298V), FlhB C (G293R) and FlhB C (G293V), which can undergo substrate specificity switching of the type III protein export apparatus even in the absence of FliK (Williams et al. 1996) , is much less sensitive to autocleavage than the wild-type (Minamino and Macnab 2000a) . Because these FlhB mutations lie within FlhB CC , this suggests that the binding of FliK C to FlhB C may induce a conformational change of the FlhB CN -FlhB CC boundary that is responsible for the substrate specificity switching.
Residues 354-383 (FlhB CCT ) are invisible in the electron density map of the FlhB C crystal, indicating that FlhB CCT adopts a highly flexible conformation (Meshcheryakov et al. 2013 ). FlhB CCT is dispensable for FlhB function, but its truncation causes autonomous substrate specificity switching of the type III protein export apparatus in the absence of FliK (Kutsukake, Minamino and Yokoseki 1994; Williams et al. 1996) . Interestingly, it has been shown that truncations of FlhB CCT reduce the rate of the autocleavage process of FlhB C (Minamino and Macnab 2000a) , suggesting that the truncations induce a conformational change of a loop containing a highly conserved NPTH motif in a way similar to the FlhB(A298V), FlhB(G293R) and FlhB(G293V) mutations. Therefore, it is possible that FlhB CCT communicates with FlhB C to regulate the switching function of FlhB C during hook assembly.
FlhA mediates well-ordered protein export during flagellar assembly
FlhA is a transmembrane protein consisting of an N-terminal transmembrane region (FlhA TM ) and a C-terminal cytoplasmic region (FlhA C ) (Fig. 5A) and acts an energy transducer along with the cytoplasmic ATPase ring complex Minamino et al. 2016b; Erhardt et al. 2017 ). An interaction between FlhA and FliJ, which is required for the support of FliH and FliI, fully activates the export gate complex to transport flagellar proteins in a PMF-dependent manner Ibuki et al. 2013 Ibuki et al. , 2016a . FlhA C , which consists of residues 328-682, forms a homo-nonamer in the flagellar type III protein export apparatus (Fig. 5B) (Abrusci et al. 2013; Kawamoto et al. 2013; Morimoto et al. 2014; Terahara et al. 2018 ) and provide binding-sites for FliH, FliI, FliJ, flagellar type III export chaperones and export substrates (Minamino and Macnab 2000c; Bange et al. 2010; Minamino et al. , 2012a Kinoshita et al. 2013) . This suggests that the FlhA C nonameric ring structure forms a docking platform for these flagellar proteins along with FlhB C .
The FlhA(V151L) and FlhA(D199A) mutations in a highly conserved cytoplasmic loop between transmembrane helices 4 and 5 of FlhA, which is called the FHIPEP loop (FlhA FHIPEP-loop ) (Fig. 5A) , abolish accurate hook length control, thereby producing polyhooks. Interestingly, the V151L mutation increases the secretion level of FlgE but reduces those of FlgD and FliK significantly, suggesting that FlhA FHIPEP-loop controls the secretion level of these three proteins. The FlhB(S234R) suppressor mutation in FlhB CN , which restores motility of the flhA(V151L) mutant to a considerable degree, improves the secretion level of FliK to the wild-type level but not that of FlgD at all. When purified FlgD is added to the culture media, the flhA(V151L) flhB(S234R) mutant cells can switch substrate specificity of the type III protein export apparatus to a considerable degree, thereby producing several flagellar filaments (Barker et al. 2016 ). These observations suggest that FlhA FHIPEP-loop and FlhB C together may regulate the binding affinities of the type III protein export apparatus for FlgD, FlgE and FliK during hook assembly.
The secretion level of FlgE by the fliH-fliI flhB(P28T) bypass mutant, which is capable of forming a couple of flagella even in the absence of FliH and FliI, is about 10-fold lower than the wild-type level whereas those of FlgD and FliK are almost at the wild-type levels . The FlhA(F459A) mutation in FlhA C increases the secretion levels of FlgD, FlgE and FliK by about 1.5-, 10-and 3-fold, respectively, indicating that the FlhA(F459A) mutation considerably increases the export activity of the transmembrane export gate complex in the absence of FliH and FliI . Since the FlhB(P28T) and FlhA(F459A) mutations do not affect the export of FlgD, FlgE and FliK by themselves, this suggests that FliH, FliI and FlhA C may coordinate hook-type protein export with hook assembly . FliH and FliI together also form the FliH 2 FliI hetero-trimeric complex in the cytoplasm (Minamino and Macnab 2000c) . Since FliI-YFP shows rapid exchanges between the basal body and the cytoplasmic pool, the FliH 2 FliI complex is proposed to act as a dynamic carrier to bring export substrates to the export gate complex (Bai et al. 2014) . Since both FliH and FliI bind to FlhA C and FlhB C (Minamino and Macnab 2000b; Minamino et al. 2009b; McMurry et al. 2015) , the FliH 2 FliI complex may be required for hierarchical targeting of FlgD, FlgE and FliK to the FlhA C -FlhB C docking platform of the export gate complex during hook assembly.
FlhA C consists of four compactly folded D1, D2, D3 and D4 domains and a flexible linker termed FlhA L (residues 328-361) (Saijo-Hamano et al. 2010) (Fig. 5A) . Well-conserved Asp-456, Phe-459 and Thr-490 residues of FlhA C are located at an interface between domains D1 and D2 and are directly involved in the interaction with the FlgN/FlgK, FlgN/FlgL, FliT/FliD and FliS/FliC chaperone/filament-type substrate complexes (Fig. 5A ) (Minamino et al. 2012a; Kinoshita et al. 2013) . FliJ binds to FlgN and FliT but not to FliS (Evans et al. 2006) . FliJ also binds to FlhA L (Bange et al. 2010; Minamino et al. 2011; Ibuki et al. 2013 ) and significantly increases the binding affinity of FlhA C for the FliT/FliD complex (Bange et al. 2010) . The binding affinity of FlhA C for the FlgN/FlgK complex is slightly higher than that for the FliT/FliD complex and one order of magnitude higher than that for the FliS/FliC complex (Kinoshita et al. 2013) . Since filament assembly begins with the hook-filament junction zone, followed by the filament cap and finally the filament (Fig. 1) , FlhA C and FliJ seem to confer an advantage for hierarchical targeting of the FlgN/FlgK, FlgN/FlgL, FliT/FliD and FliS/FliC chaperone/filamenttype substrate complexes to the type III protein export apparatus (Bange et al. 2010; Kinoshita et al. 2013) . A similar hierarchical protein targeting mechanism has been observed in the injectisome of enteropathogenic Escherichia coli (Portaliou et al. 2017; Gaytán et al. 2018) . Interestingly, it has been shown that a deletion of both FliH and FliI results in the leakage of much larger amounts of FliC monomers out into the culture media because of the lack of the hook-filament junction and filament cap structures at the hook tip . This suggests that FliH and FliI are required for efficient filament formation at the hook tip. FlgN and FliT bind to the FliH 2 FliI complex whereas FliS does not (Thomas, Stafford and Hughes 2004; Imada et al. 2010; Minamino et al. 2012b; Sajó et al. 2014) . Therefore, it is proposed that the FliH 2 FliI complex may contribute to efficient interactions of FlhA C with FlgN and FliT more preferentially than with FliS, thereby assuring efficient formation of the junction and cap structures at the hook tip prior to filament formation.
Genetic analysis has shown that a truncation of domain D4 of FlhA C allow the type III protein export apparatus to transport filament-type substrates into the periplasm prior to hook completion , suggesting that the D4 domain suppresses the binding of the flagellar chaperone/filament-type substrate complexes to Asp-456, Phe-459 and Thr-490 of FlhA C during hook-basal body assembly. Recently, high-speed atomic force microscopy combined with mutational analysis has revealed that highly cooperative FlhA C ring formation through interactions of FlhA L with its neighboring FlhA C subunit is responsible for substrate specificity switching of the type III protein export apparatus (Fig. 5B) (Terahara et al. 2018) . Since FlhB C binds to FlhA C with micromolar affinity (McMurry et al. 2015) , there is a plausible hypothesis that an interaction between FliK C and FlhB C may induce conformational rearrangements of the FlhA C ring structure through the FlhB C -FlhA C interaction, thereby terminating hook assembly and initiating filament assembly.
CONCLUSIONS AND OUTLOOK
Flagellar type III protein export is a highly complex process involving a substantial number of checkpoints to ensure the correct order of export. During hook assembly, the type III protein export apparatus transports the hook protein. Newly exported FliK molecule measures the length of the growing hook structure through its temporal associations of FliK N with the hook cap and the inner surface of the hook. When the hook length reaches about 55 nm, a conformational change of FliK C occurs to promote an interaction between FliK C and FlhB C . As a result, the type III protein export apparatus switches its substrate specificity from the hook protein to the filament protein. Domain D4 of FlhA C suppresses the interactions of FlhA C with flagellar type III export chaperone/filament-type substrate complexes until hook assembly is finished. It has been reported that interactions of FlhA L with its neighboring FlhA C subunit induces a conformational change of the FlhA C ring structure that is responsible for the substrate specificity switch (Terahara et al. 2018) . However, it remains unknown how structural remodeling of the FlhA C ring is induced upon completion of the hook structure. To clarify this, high-resolution structural analyses of the FlhA C ring structure before and after completion of the hook structure will be required.
Physical interactions of the FlhA C ring structure with the cytoplasmic ATPase complex and export chaperones establish the strict export order of filament-type proteins, thereby allowing FlgK, FlgL, FliD and FliC to efficiently assemble at the hook tip in this order. However, it remains unknown how the export gate pore is opened for the substrate entry and how the inward-directed proton flow through a proton channel of the export gate complex is coupled with the outward-directed protein translocation through a protein channel. To clarify the substrate entry and energy coupling mechanisms, high-resolution structural analysis of the entire type III protein export apparatus in complex with export chaperone and export substrate will be essential.
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